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Introduction {#sec001}
============

Osteoporosis is one of the most prevalent disorders in the aged population, and skeletal fractures have a high detrimental impact, causing either mortality or reduced quality of life \[[@pone.0219734.ref001]\]. The disease is caused by a relative increase of bone resorption, mediated by osteoclasts, over bone formation, mediated by osteoblasts \[[@pone.0219734.ref002]\]. Since the two bone remodeling cells differ with respect to progenitor cells and mode of action, they are also regulated by different sets of molecules. Therefore, the treatment of osteoporosis can either be achieved by blocking differentiation or activity of osteoclasts, i.e. anti-resorptive treatment, and/or by activating bone formation by osteoblasts, i.e. osteoanabolic treatment \[[@pone.0219734.ref003]\]. Whereas cost-effective anti-resorptives are already available, there is still a need to establish better osteoanabolic treatment options. Moreover, since long-term blockade of osteoclasts can negatively impact bone matrix quality, stimulating bone formation is principally the preferable way to treat osteoporotic patients.

In this regard it is highly relevant that there is evidence for the existence of a molecular crosstalk between osteoblasts and osteoclasts \[[@pone.0219734.ref004]--[@pone.0219734.ref007]\]. In fact, the two most critical regulators of bone resorption, the cytokine RANKL and its decoy receptor OPG, are both produced by osteoblasts, and a change in the ratio of osteoblast-derived RANKL/OPG specifically affects bone resorption \[[@pone.0219734.ref008]\]. On the other hand, there is increasing evidence for the existence of osteoclast-derived molecules with a positive influence on bone formation, albeit it remains to be established, which of the molecules proposed to be involved in this coupling process are physiologically relevant. We have previously reported that the hormone calcitonin (CT) mediates a negative influence on bone formation through binding to its receptor (CTR) on osteoclasts \[[@pone.0219734.ref009],[@pone.0219734.ref010]\]. At the molecular level this indirect influence is explained by the fact that CT inhibits the osteoclastic expression of Spns2, a transporter facilitating secretion of the osteoanabolic lipid mediator sphingosine-1-phosphate (S1P) \[[@pone.0219734.ref011],[@pone.0219734.ref012]\]. We could further show that S1P levels are increased in bone tissue from CT- and CTR-deficient mice, and that the elevated bone formation rate in CTR-deficient mice is normalized by additional deletion of the S1P receptor S1P~3~ \[[@pone.0219734.ref010]\].

In the course of this study we additionally analyzed the skeletal phenotype of *Sgpl1*^-/-^ mice, which lack the S1P-degrading enzyme S1P-lyase \[[@pone.0219734.ref013],[@pone.0219734.ref014]\]. These mice are known to display high extracellular S1P levels causing various organ abnormalities and early postnatal lethality. In all *Sgpl1*-deficient mice reaching the age of 6 weeks (approximately 15%), the trabecular bone mass was remarkably increased, and the same was the case for bone turnover markers in the serum \[[@pone.0219734.ref010]\]. In the present study we addressed the question, if the high bone turnover phenotype of *Sgpl1*-deficient mice is corrected by additional absence of S1P~3~ (encoded by the *S1pr3* gene). For that purpose we compared the skeletal phenotype of wildtype, *Sgpl1*^*-/-*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice at 3 weeks of age. Through a combination of μCT analysis, histomorphometry on undecalcified bone sections and serum analyses, we confirmed that *Sgpl1*^*-/-*^ mice display high bone turnover, but also found that the additional absence of S1P~3~ did not affect these abnormalities. This demonstrates that S1P~3~ is not the sole receptor mediating the osteoanabolic influence of S1P *in vivo*.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

*Sgpl1*^*+/-*^ mice were obtained from Jackson Laboratory (\#007199), whereas *S1pr3*^*-/-*^ mice were kindly provided by Dr. Jerold Chun, La Jolla, USA \[[@pone.0219734.ref015]\]. We first generated compound heterozygous mice that were bred to generate *Sgpl1*^*+/+*^, *Sgpl1*^*-/-*^ and *Sgpl1*^*-/-*^/*S1pr3*^*-/-*^littermates. Genotyping for the *Sgpl1* mutation was performed using the primers `5’-CGC TCA GAA GGC TCT GAG TCA TGG-3’`, `5’-CCA AGT GTA CCT GCT AAG TTC CAG-3’` and `5’-CAT CAA GGA AAC CCT GGA CTA CTG-3’` to amplify a 300 bp wildtype and/or a 520 bp mutant allele fragment. Genotyping for the *S1pr3* mutation was performed using the primers `5’- CAC AGC AAG CAG ACC TCC AGA -3’`, `5’- TGG TGT GCG GCT GTC TAG TCA A -3’` and `5’- ATC GAT ACC GTC GAT CGA CCT -3’` to amplify a 300 bp wildtype and/or a 200 bp mutant allele fragment. All mice were kept with a 12-hour light/dark cycle and had access to tap water and standard rodent chow (1328P, Altromin Spezialfutter GmbH & Co. KG, Germany) *ad libitum*. All animal experiments were approved by the animal facility of the University Medical Center Hamburg-Eppendorf and by the "Behörde für Soziales, Familie, Gesundheit und Verbraucherschutz" (G14/068 and Org529). This also included generation and skeletal analysis of *Sgpl1*-deficient mice. According to the approval the respective mice were scored on a daily basis for apparent abnormalities, such as weight reduction, reduced mobility, abnormal behavior, tumor formation or skeletal fractures. This was performed by trained personnel of the animal facility, together with our own researchers, all of them trained based on FELASA guidelines. According to a respective scoring sheet, animals had to be euthanized to avoid unnecessary suffering. In the case of the born *Sgpl1*-deficient mice, these criteria were not fulfilled at 3 weeks of age, yet a large proportion of them (18 in total) were found dead in the cage before weaning. We therefore decided, also based on the published phenotype \[[@pone.0219734.ref014]\], to perform our analysis earlier than initially planned and chose 3 weeks of age as a humane endpoint, where all of the analyzed mice (28 in total) were euthanized. Since we did not observe a skeletal phenotype of 3 weeks old *S1pr3*-deficient mice ([S1 Fig](#pone.0219734.s001){ref-type="supplementary-material"}), consistent with our previous analysis \[[@pone.0219734.ref010]\], we focused our comparative analysis on wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ littermates.

Histology {#sec004}
---------

Skeletons were fixed in 3.7% PBS-buffered formaldehyde for 24 h and subsequently stored in 80% ethanol. Lungs were embedded into paraffin, and the respective sections were stained with Sirius Red and visualized using polarized light microscopy. For bone histology, the lumbar vertebral bodies L1 to L4 and the right tibia of each mouse were dehydrated in ascending alcohol concentrations and then embedded in methylmetacrylate as described previously \[[@pone.0219734.ref016]\]. Sections of 4 μm thickness were cut in the sagittal plane on a Microtec rotation microtome (Techno-Med GmbH, Germany) and stained by toluidine blue, or by von Kossa/van Gieson and Goldner staining, as described previously \[[@pone.0219734.ref016]\]. Histomorphometry was performed according to the ASBMR guidelines \[[@pone.0219734.ref017]\] using the OsteoMeasure histomorphometry system (Osteometrics Inc., USA).

μCT analysis {#sec005}
------------

For μCT analysis the right femur of each mouse was fixed and processed as described above. μCT scanning and analysis were performed with a voxel resolution of 10 μm as previously described using a μCT 40 desktop cone-beam microCT (Scanco Medical, Swizerland) according to standard guidelines \[[@pone.0219734.ref018],[@pone.0219734.ref019]\]. Trabecular bone was analyzed in the distal metaphysis in a volume situated 2500 μm to 500 μm proximal of the distal growth plate. A threshold value of 250 was implemented.

Serum analysis {#sec006}
--------------

The serum concentrations of the bone turnover markers C-terminal telopeptide of type I collagen (CTX-I, Immunodiagnostic Sytems, \#AC-06F1) and C-terminal propeptide of type I procollagen (PICP, Cloud Clone Corp, \#SEA570Mu) were determined by ELISA. The same applies for the serum concentrations of the osteoclastogenesis regulators RANKL and OPG (R&D systems, \#MTR00; \#MOP00).

Expression analysis {#sec007}
-------------------

For expression analysis in cortical bone, the femur midshaft was dissected, and the bone marrow was removed by centrifugation. After grinding the bone in liquid nitrogen, RNA was isolated using the RNeasyMini kit (Qiagen), and DNase digestion was performed according to manufacturer's instructions. Concentration and quality of RNA were measured using a NanoDrop ND-1000 system (NanoDrop Technology). Complimentary DNA synthesis was performed using the Verso cDNA Synthesis Kit (Thermo Fisher). Expression analysis by qRT-PCR was performed using a StepOnePlus system and predesigned TaqMan gene expression assays (Applied Biosystems). *Gapdh* expression was used as an internal control. Relative quantification was performed according to the ΔΔC~T~ method, and results were expressed in the linear form using the formula 2^-ΔΔCT^.

Statistical analysis {#sec008}
--------------------

All data presented in the manuscript are presented as means ± standard deviations. Statistical significance was calculated using Mann-Whitney test (Graph Pad Prism), and p-values below 0.05 were considered statistically significant.

Results {#sec009}
=======

S1P~3~ deficiency does not prevent lethality of *Sgpl1*-deficient mice {#sec010}
----------------------------------------------------------------------

To address the question, if the previously established high bone turnover phenotype of *Sgpl1*-deficient mice is influenced by *S1pr3* deficiency, we generated mice lacking only *Sgpl1* or both genes. We observed that Sgpl1 deficiency, regardless of the *S1pr3* genotype, caused perinatal lethality, i.e. more than 40% of these mice died with the first week after birth ([Fig 1A](#pone.0219734.g001){ref-type="fig"}). Since the majority of the surviving mice died either before or shortly after weaning ([Fig 1B](#pone.0219734.g001){ref-type="fig"}), we decided to perform our comparative analysis at 3 weeks of age. Here we first analyzed the lung pathology by Sirius Red staining and found a similar extent of fibrotic areas in *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice, in agreement with the same lethality rate ([Fig 1C](#pone.0219734.g001){ref-type="fig"}). We additionally observed that 3 weeks old *Sgpl1*-deficient mice, both male and female, displayed significantly reduced body weight, and the same was the case in *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice ([Fig 1D](#pone.0219734.g001){ref-type="fig"}). As evidenced by contact X-ray, 3 weeks old *Sgpl1*-deficient mice displayed a clear skeletal phenotype, i.e. reduced skeletal growth and increased bone mass, which was apparently unaffected by additional S1P~3~ deficiency ([Fig 1E](#pone.0219734.g001){ref-type="fig"}).

![Postnatal lethality of *Sgpl1*-deficient mice is not influenced by additional S1P~3~ deficiency.\
(A) Percentage of mice genotyped 3--5 days after birth from *Sgpl1*-heterozygous matings. The dotted red line indicates the expected value based on Mendelian inheritance. (B) Percentage of mice of the indicated genotypes that survived until the age of 3 weeks. (C) Representative images of lung sections from 3 weeks old wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice after sirius red staining for fibrotic tissue. (D) Body weight of 3 weeks old male or female wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. (E) Representative contact X-rays of 3 weeks old wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. Data represent mean ± SD (n ≥ 5). \*p\<0.05, \*\*p\<0.005 vs. wildtype littermates.](pone.0219734.g001){#pone.0219734.g001}

S1P~3~ deficiency does not affect the increased trabecular bone mass phenotype of *Sgpl1*-deficient mice {#sec011}
--------------------------------------------------------------------------------------------------------

We next applied undecalcified histology, where we analyzed 3 weeks old male and female groups of mice. In both genders we observed a significant increase of the trabecular bone mass in spine sections of *Sgpl1*-deficient mice, regardless of the *S1pr3* genotype ([Fig 2A](#pone.0219734.g002){ref-type="fig"}). The same increase of trabecular bone mass was observed in tibia sections, where an additional widening of the growth plate cartilage was found ([Fig 2B](#pone.0219734.g002){ref-type="fig"}). This latter aspect of the phenotype was further confirmed by quantification of the growth plate thickness after toluidine blue staining of the sections. Although there was a high variation in the severity of the phenotype, the growth plate width was significantly increased in female *Sgpl1*-deficient mice, and there was no correction by additional S1P~3~ deficiency ([Fig 2C](#pone.0219734.g002){ref-type="fig"}). It is also important to state that the inspection of the subchondral bone areas in these sections revealed that there was no pathological enrichment of cartilage remnants in *Sgpl1*-deficient mice. Since persistence of calcified cartilage is one hallmark of osteopetrosis, a genetic disorder of osteoclast dysfunction \[[@pone.0219734.ref020]\], the combined histologic analysis confirmed our previous observations from 6 weeks old *Sgpl1*-deficient mice, where the high bone mass phenotype was associated with increased bone formation and resorption \[[@pone.0219734.ref010]\].

![Increased trabecular bone mass of *Sgpl1*-deficient mice is not influenced by additional S1P~3~ deficiency.\
(A) Representative images of undecalcified spine sections from 3 weeks old male wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice after von Kossa/van Gieson staining. Mineralized bone appears in black. Quantification of the trabecular bone volume per tissue volume (BV/TV) is given on the right. (B) Representative images of undecalcified tibia sections from the same mice, with quantification of the trabecular bone volume per tissue volume given on the right. (C) Representative images of the same sections after toluidine blue staining. Quantification of the growth plate thickness (GpTh) is given on the right. Data represent mean ± SD (n = 6 males, n ≥ 3 females). \*p\<0.05, \*\*p\<0.005 vs. wildtype littermates.](pone.0219734.g002){#pone.0219734.g002}

We additionally applied μCT scanning of femoral bones, where we focused on male mice ([Fig 3A](#pone.0219734.g003){ref-type="fig"}). Here we observed a significant length reduction in both, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ animals. Moreover, the *Sgpl1*-deficient mice displayed an increased trabecular bone volume which was unaffected by additional S1P~3~ deficiency ([Fig 3B](#pone.0219734.g003){ref-type="fig"}). We also identified changes in the cortical bone compartment. More specifically, cortical bone mass was decreased in *Sgpl1*-deficient mice, which was associated with higher cortical porosity, indicative of increased bone resorption (Fi. 3C). Although there was no significant difference between wildtype and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice in the latter parameter, the cortical porosity in *Sgpl1*-deficient femora was not significantly decreased by additional S1P~3~ deficiency ([Fig 3D](#pone.0219734.g003){ref-type="fig"}).

![Changes in trabecular and cortical bone of *Sgpl1*-deficient mice are not influenced by additional S1P~3~ deficiency.\
(A) Representative μCT images of femora from 3 weeks old male wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. Mineralized bone appears in red. (B) Quantification of the femoral length and the trabecular bone volume per tissue volume (BV/TV) in the three groups of mice. (C) Representative μCT images of the femoral midshaft from the same mice. (D) Quantification of cortical thickness (Cort. Th.) and porosity (Cort. Por.) in the three groups of mice. Data represent mean ± SD (n = 5). \*p\<0.05, \*\*p\<0.005 vs. wildtype littermates.](pone.0219734.g003){#pone.0219734.g003}

High bone turnover in Sgpl1-deficient mice is not corrected by S1P3 deficiency {#sec012}
------------------------------------------------------------------------------

We finally quantified number and activities of bone cell types by cellular histomorphometry and serum analyses. As evidenced by Goldner staining of spine sections, there was a remarkable increase of osteoclastogenesis in Sgpl1-deficient mice ([Fig 4A](#pone.0219734.g004){ref-type="fig"}). This was confirmed by histomorphometry, where we found significantly increased osteoclast parameters (Oc.N/B.Pm, osteoclast number per bone perimeter; OcS/BS, osteoclast surface per bone surface) in both, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice ([Fig 4B](#pone.0219734.g004){ref-type="fig"}). In contrast, we did not observe significant differences between the three groups of mice for osteoblast parameters (Ob.N/B.Pm, osteoblast number per bone perimeter; ObS/BS, osteoblast surface per bone surface) ([Fig 4C](#pone.0219734.g004){ref-type="fig"}), suggesting that osteoblast differentiation is not affected by S1P.

![Increased osteoclastogenesis of *Sgpl1*-deficient mice is not influenced by additional S1P~3~ deficiency.\
(A) Representative images of undecalcified spine sections from 3 weeks old male wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice after Goldner staining. Mineralized bone appears in green, osteoclasts are highlighted by asterisks. (B) Histomorphometric quantification of osteoclast number (Oc.N./B.Pm, osteoclast number per bone perimeter) and surface (OcS/BS, osteoclast surface per bone surface) in the same mice. (C) Histomorphometric quantification of osteoblast number (Ob.N./B.Pm, osteoclast number per bone perimeter) and surface (ObS/BS, osteoclast surface per bone surface) in the same mice. Data represent mean ± SD (n = 5). \*p\<0.05, \*\*p\<0.005 vs. wildtype littermates.](pone.0219734.g004){#pone.0219734.g004}

Since histomorphometric quantification of bone cell functions is difficult for growing mice, we took advantage of established biomarker assays to determine the bone status in the different groups of animals. Serum levels of the bone resorption biomarker CTX-I were elevated in *Sgpl1*-deficient mice, regardless of the *S1pr3* genotype, thereby confirming that the osteoclast population in the *Sgpl1*-deficient mouse model is not functionally impaired ([Fig 5A](#pone.0219734.g005){ref-type="fig"}). Of note, serum concentrations of osteoprotegerin (OPG), a physiological inhibitor of osteoclastogenesis \[[@pone.0219734.ref008]\], whose expression was recently found to be induced by S1P \[[@pone.0219734.ref021]\], were also elevated in both, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. Finally, serum concentrations of the bone formation biomarker PICP were significantly increased in *Sgpl1*-deficient mice, thus confirming that S1P promotes osteoblast activity \[[@pone.0219734.ref010]\]. Most importantly, PICP levels were not significantly different between *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice ([Fig 5B](#pone.0219734.g005){ref-type="fig"}).

![The high bone turnover phenotype of *Sgpl1*-deficient mice is not influenced by additional S1P~3~ deficiency.\
(A) CTX-I and OPG concentrations in sera from 3 weeks old wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. (B) PICP concentrations in sera from the same mice. (C) qRT-PCR monitoring of the expression of the indicated genes in bones of 3 weeks old male wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. Data represent mean ± SD (n ≥ 6). \*p\<0.05, \*\*p\<0.005 vs. wildtype littermates.](pone.0219734.g005){#pone.0219734.g005}

To analyze for a potential compensatory induction of other S1P receptors in *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice, we additionally determined the expression of the five known *S1pr* genes in bones from wildtype, *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. We did not observe a higher level of expression for any of the *S1pr* genes in *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice, when compared to *Sgpl1*-deficient mice ([Fig 5C](#pone.0219734.g005){ref-type="fig"}). There was however a significant reduction in the expression of *S1pr2* and *S1pr4* in *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ bones, when compared to wildtype controls. Apparently, this difference was rather moderate, and since the expression levels were generally low (in some samples not detectable), there was high overall variation within the data sets. Nevertheless, since there was no induction of a specific *S1pr* gene in the absence of S1P~3~, we can only speculate about the relevance of other S1P receptors in the context of osteoanabolic influences.

Discussion {#sec013}
==========

The lipid mediator S1P has various functions in development, immunity and different homeostatic processes \[[@pone.0219734.ref022]--[@pone.0219734.ref024]\]. Its synthesis depends on the activity of sphingosine kinases (Sphk1 or Sphk2), whereas its secretion is mediated by the S1P transporter Spns2. The cellular effects of extracellular S1P are transmitted through five G-protein coupled receptors (S1P~1-5~), which are generally considered excellent drug targets \[[@pone.0219734.ref025]--[@pone.0219734.ref027]\]. Finally, whereas S1P signaling can be inactivated by different lipid phosphatases, irreversible S1P degradation is facilitated by the activity of S1P lyase \[[@pone.0219734.ref028]\]. The major relevance of S1P lyase for various physiological processes is fully supported by the phenotype of *Sgpl1*-deficient mice, which not only display lymphopenia, but also histological abnormalities in different organs and a markedly reduced life span \[[@pone.0219734.ref014]\]. Of note, given the baseline characterization of *Sgpl1*^*-/-*^*/S1pr3*^*+/+*^ and *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice described here, we can certainly rule out that S1P~3~ is the major driver of S1P-mediated toxicity.

An influence of S1P on bone cells was first uncovered by the finding that *Sphk1* expression increases during osteoclastogenesis, whereas extracellular S1P promotes osteoblast differentiation *in vitro* \[[@pone.0219734.ref029],[@pone.0219734.ref030]\]. The physiological relevance of S1P as a coupling factor in bone remodeling was further demonstrated in two mouse models displaying increased bone formation. Whereas osteoclast-specific deletion of cathepsin K, a matrix-degrading enzyme required for bone resorption, triggered an increased expression of *Sphk1* in osteoclasts \[[@pone.0219734.ref031]\], our own analysis of mice lacking the CTR demonstrated that the action of CT as a negative regulator of bone formation is molecularly explained by inhibition of *Spns2* expression, thereby reducing S1P release from osteoclasts \[[@pone.0219734.ref010]\]. Of note, there is also *in vitro* evidence for an influence of S1P on chondrocytes \[[@pone.0219734.ref032]\]. More specifically, the finding that S1P promotes the proliferation of primary rat chondrocytes in an Erk-dependent manner \[[@pone.0219734.ref033]\], may explain the expansion of the growth plate in *Sgpl1*-deficient mice. Since this aspect of the phenotype was however not influenced by S1P~3~ deficiency we did not further focus on the skeletal growth phenotype of *Sgpl1*-deficient mice.

In fact, the primary question of our study was if S1P~3~ deficiency is the major mediator of the osteoanabolic influence of S1P. Our specific focus on S1P~3~ is based on our previous study, where we identified S1P as a coupling factor, whose secretion by osteoclasts is regulated by CT \[[@pone.0219734.ref010]\]. In this study we screened for the expression of all S1P receptors in cultured osteoblasts and identified two candidates (S1P~1~ and S1P~3~) with differential expression during osteoblastogenesis. We subsequently analyzed the skeletal phenotypes of mice lacking S1P~1~ specifically in osteoblasts (*S1pr1*^*fl/fl;Runx2-Cre*^) or S1P~3~ ubiquitously (*S1pr3*^*-/-*^). Whereas *S1pr1*^*fl/fl;Runx2-Cre*^ mice did not display a bone mass phenotype, a reduction of bone formation was observed in 8 months old *S1pr3*-deficient mice. We also found that S1P~3~ deficiency corrected the high bone mass phenotype of CTR-deficient mice and abolished the osteoanabolic effect of the non-selective S1P receptor agonist FTY720 \[[@pone.0219734.ref010]\]. Therefore, since S1P receptors are generally considered excellent drug targets, it was important to analyze the impact of S1P~3~ deficiency on the skeletal phenotype of *Sgpl1*-deficient mice. Here the most important parameter was related to bone formation, since cost-effective osteoananbolic treatment options still need to be established.

Through a combination of μCT, undecalcified histology, bone-specific histomorphometry and serum analyses, we could clearly demonstrate that 3 weeks old *Sgpl1*-deficient mice display a high bone mass phenotype due to increased osteoblast activity. In comparison to our previous study \[[@pone.0219734.ref010]\] it is important state that we formerly observed a two-fold increase of the trabecular bone mass in spine sections of 6 weeks old *Sgpl1*-deficient mice, yet there was no significant difference between 3 weeks old male wildtype and *Sgpl1*-littermates (n = 3). Although we can only speculate about the reason for the earlier onset phenotype in the present study, which may relate to a change in the laboratory diet or a modified genetic background, it is important to state that we generally use littermates from heterozygous matings for comparative analyses. It is also relevant that we did not only increase the number of 3 weeks old mice in the present study, but also extended our analysis to tibia sections, μCT imaging and serum biomarkers. Therefore, our major conclusion, i.e. that the high bone formation phenotype of *Sgpl1*-deficient mice is not corrected by S1P~3~ deficiency, is validated by the present data. Similarly, the increased osteoclastogenesis of *Sgpl1*-deficient mice, which occurred despite increased production of the anti-osteoclastogenic molecule OPG, was not different in *Sgpl1*^*-/-*^*/S1pr3*^*-/-*^ mice. Taken together, these findings undoubtedly demonstrate that S1P~3~ is not the sole receptor that responds to markedly increased S1P levels, caused by S1P lyase deficiency, to translate them into increased osteoblast activity. This raises the question, if one of the other S1P receptors is involved in mediating the striking osteoanabolic influence of extracellular S1P, or if the skeletal phenotype of *Sgpl1*-deficient mice is only correctable by combined S1P receptor deficiencies. Unfortunately, this question is difficult to address in mice with ubiquitous deficiency of S1P lyase, given their early postnatal lethality. Moreover, as 3 weeks old mice are characterized by rapid formation and modeling of the bone matrix, whereas remodeling is much more relevant for bone repair in adult mice, there is another major limitation of the *Sgpl1*-deficient mouse model.

Therefore, since the potential impact of S1P on bone remodeling cannot be studied in 3 weeks old mice, it was important that another model was established during the course of our present study. Here it was reported that deletion of S1P lyase in adult mice, achieved by an inducible Cre-loxP system, causes increased trabecular and cortical bone mass \[[@pone.0219734.ref021]\]. These data are consistent with our study of growing *Sgpl1*-deficient mice in terms of bone formation and serum OPG levels. However, in contrast to what we observed in the present manuscript (i.e. increased osteoclastogenesis and bone resorption in *Sgpl1*-deficient mice), the inducible inactivation of S1P lyase in adult mice resulted in decreased bone resorption \[[@pone.0219734.ref021]\]. Regardless of this age-dependent inconsistency, the combined data on the action of S1P on bone cells provide strong evidence for the probability to treat osteoporosis by selective S1PR agonists. In this regard, it is important so state that the molecular influence of S1P on cultured osteoblasts was also found to be abolished by antagonism or deficiency of S1P~2~ \[[@pone.0219734.ref021]\]. Moreover, since *S1pr2*-deficient mice, similar to *S1pr3*-deficient mice \[[@pone.0219734.ref010]\] were found to display osteopenia, it might be informative to combine the S1P~2~-deficiency with mouse models of increased S1P levels (including *Sgpl1*-deficient mice) in future experiments.

Supporting information {#sec014}
======================

###### *S1pr3-*deficient mice do not display a skeletal phenotype at 3 weeks of age.

\(A\) Representative contact X-rays of 3 weeks old wildtype and *S1pr3*^*-/-*^ mice. (B) Representative images of undecalcified spine sections from 3 weeks old wildtype and *S1pr3*^*-/-*^ mice after von Kossa/van Gieson staining. (C) Quantification of the trabecular bone volume per tissue volume (BV/TV) in spine sections of 3 weeks old male or female wildtype, and *S1pr3*^*-/-*^ mice (n ≥ 5). (D) CTX-I concentrations in sera from the same mice.

(TIF)

###### 

Click here for additional data file.
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